We demonstrate a bright, narrowband, compact single-crystal source of polarization entangled photon pairs at non-degenerate wavelength. This work is instrumental for quantum key distribution and entanglement transfer from photonic to atomic qubits.
Introduction
Entanglement is an integral resource of long distance quantum communication protocols like teleportation, quantum relays or repeaters [1] . Even for quantum key distribution (QKD), entanglement provides a valuable alternative to weak coherent-pulse (WCP) sources since device-independent security can in principle be assessed by a violation of a Bell inequality [2] . Moreover, entanglement-based QKD provides a closer approximation to single photon sources compared to WCP systems [3] , thus greatly reducing the risk of exposure to the photon number splitting attack [4] .
For long-distance QKD, polarization encoded qubits are no more considered as unsuitable information carriers. With the reduction of polarization mode dispersion (PMD) in modern optical fibers, high fidelity transmission was recently demonstrated up to 100 km distance with entangled photons generated by asymmetric spontaneous parametric-down-conversion (SPDC) in two quasi-phase matched (QPM) crystals [5] .
Progresses have also been achieved to bridge such a source atop high-speed optical networks. In recent experiments [6] , multiplexing of the quantum channel with classical data channel was reported with wavelength division multiplexers (WDM) having 100 GHz (0.8 nm) channel spacing, thus demonstrating that QKD could be deployed on a grand-scale without the need of dedicated or special fibers for the quantum channel.
Operating with such a narrow channel spacing offers also the advantage to implement real-time polarization control of each flying qubit with negligible contribution to the quantum bit error rate (QBER). The scheme employs two non-orthogonal reference signals multiplexed in wavelength with the quantum channel [7] .
In this paper, we present an efficient, compact, WDM-compatible, QPM single-crystal source of entanglement at non-degenerate wavelength with a spectral brightness of 3 × 10 6 s -1 THz -1 mW -1 , ten times larger than the one previously reported [8] , and with two-photon interference visibility above 90%.
The source
The source is described in Fig. 1 . A 50 mm-long type-I bulk crystal made of periodically poled lithium niobate PPLN is pumped by two focused counter-propagating beams driven by a diode laser operating at a wavelength of 532 nm. The source has collinear emission at the non-degenerate wavelength of λ s = 809 nm for the signal (remaining at Alice) and λ i = 1555 nm for the idler (sent to Bob), allowing efficient single-photon detection and low attenuation in fibers at telecom wavelength, respectively (wavelength tuning can be achieved by varying the temperature of the brass oven heating the crystal at around 100 ºC).
The two beams at 1555 nm are recombined counter-propagating to the pump beam at a polarizing beam splitter (PBS) after rotation of the polarization in one of the two arms by a half-wave plate (HWP). Idler is then separated from pump by means of a dichroic mirror, coupled to single-mode fiber and sent to Bob, who analyzes the polarization state of the qubit with a PBS and a motorized HWP used for the purpose of recording two-photon visibility curves. We have also a polarization controller to align the polarization at the output of the fiber with respect to Bob's analyzer. Bandwidth of the 1555 nm photon after coupling to single mode fiber is 0.8 nm FWHM. Detection is performed by a home-made InGaAs avalanche photo-detector (InGaAs) APD gated upon coincident detection at 809 nm.
The two beams at 809 nm are reflected off the pump beams by dichroic mirrors and the correlations shared with idler photons are mapped onto the four output ports of three non-polarizing beam-splitters before coupling to one of four avalanche photo-detectors (Si APD) 
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978-1-55752-859-9/08/$25.00 ©2008 IEEE If APD "H" or "V" clicks, the transmitted qubit at 1555 nm will have H or V polarization, respectively. If APD "D" or "A" clicks (corresponding to interference of the two indistinguishable signal paths), the H and V polarization states at 1555 nm will interfere in the D/A basis, where coincidences or anti-coïncidences will be observed, depending on the phase difference of the interfering paths at 809 nm, which can be controlled by means of a piezo nano-positioning actuator mounted on the corresponding beam-splitter.
The inset of Fig. 1 illustrates the quantum correlations shared by the entangled pairs after transmission over 100 m of single mode fiber. Curves were obtained at a pump power of 1.2 mW and single-count rate of 0.3 × 10 6 s -1 at 809 nm. The coincidence rate reached 1.1 × 10 4 counts/s -1 with a raw visibility of 91% for all output states. A narrower detection time window (<1ns) and custom-made beamsplitters should improve performances significantly.
Apart from the conditions of spectral and spatial indistinguishability, which are fullfilled by bidirectional pumping of the single-crystal and coupling to single-mode fiber, respectively, good quality entanglement also requires temporal indistinguishability. This condition requires that the two idler fields overlap in time relative to the time difference of the two signal fields. This is equivalent to writing that the interferometer defined by the PBS and the opposite BS (with respect to the PPLN crystal) is balanced for the pump light. This provides a convenient way to actively stabilize the source against environmental disturbances by monitoring of pump light interferences. By inserting the bulk crystal or a waveguide in a cavity with the same configuration, the bandwidth of the emitted pairs could be narrowed down to few hundreds of MHz with a coincidence rate still high enough for enabling long distance teleportation schemes, in which entanglement is stored in trapped-atom quantum memories.
